Résumé.-Les cristaux ioniques de la structure NaCl peuvent être déformés sur plusieurs plans cristallographiquement non-équivalents. La résistance à la dé-formation varie avec le type du système de glissement. Cette anisotropie plastique dépend de la température, du dopage bivalent et de l'ionicité du matériau. C'est démontré par des mesures de la limite élastique pour le glissement sur les plans{110} et {100}. Pour une série de cristaux du type HaCl les mécanis-mes de durcissement qui sont basés sur les interactions de Peierls et dislocation-solute sont discutés. L'anisotropie plastique est une aide substantielle pour l'analyse de ces interactions.
1. Introduction.-The hardening of ionic crystals has been frequentlyinvestigated. Nevertheless, the interaction mechanisms determining the critical resolved shear stress (CRSS) of these materials are still under dispute. Suzuki and Kim /l,2/ in agreement with calculations of Granzer et al. /3/ conclude from their measurements of the CRSS of relatively pure crystals, that at low temperatures the overcoming of the Peierls potential is responsible for the CRSS. Frank /4/ as well as Suszynska /5/ and Grau and Frohlich /6/ assume that in doped crystals at medium temperatures the elastic interaction of screw dislocations with divalent ion vacancy dipoles or aggregates of such dipoles determines yielding. These investigations are, however, limited to {110}<110> glide. {100}<110> slip could be realized as well in previous work /7/. It showed that for the understanding of the plastic anisotropy electrostatic interactions have to be taken into account.
The purpose of the present paper is to present detailed information on slip mechanisms in ionic crystals from extended measurements of the dependence of the CRSS on temperature, divalent doping, slip system and ionicity of several materials. Especially the plastic anisotropy helps to decide whether models based on elastic or electrostatic inter- Purity was determined by atomic absorption analysis. <loo>-orientated specimens with (100)-side faces could be obtained by cleavage, while <Ill>-or <557> -orientated specimens with (110)-and (112)-or (110}-and {7,7,10}-side faces, respectively, had to be string sawn with water. In the case of the AgCl crystal all specimens had to be sawn using a fixing reagent in dark room red light. The orientation of the AgCl samples could be easily found with the aid o { the <loo>-orientated NaCl seed crystal. The accuracy amounted to 3 degrees. Specimen dimensions were about 4x4~18 mm3. Before testing all samples were annealed on a platinum foil for 20 h at%0.85 Tm (Tm = melting temperature). Annealing and growth atmosphere were identical. The standard cooling rate was about 1 X/min. (SC), while for some specimens quenched from 700 K it was about hundred times higher (Q) . All samples have been polished first mechanically on wetted silk and then chemically in different solutions. Suitable etchants to reveal dislocations were found. Details of the polishing and etching procedures are given in /9/.
The deformation was performed in dynamic compression using an Instron-machine. The average strain rate was about E -l~-~s -l
. Room temperature deformation was performed in air. For lower and higher temperatures suitable compression devices were immersed in baths of liquid helium, liquid nitrogen, isopentane and silicon oil. The AgCl crystals were deformed in darkroom red light.
3. Results.-3.1 S i p on {loo} planes produced by C O~P In ionic crystals single slip on {110) or {loo) planes has previously been achieved in shear tests / 7 / . This deformation method has however the disaavantage that it can be used only at room temperature (RT). Therefore we have realized it by compression of suitably orientated crystals. In this section it will be shown that large scale macroscopic slip on {loo] planes alone could be realized over a wide range of temperature. Assuming Schmid's law in crystals of any orientation a slip system with the CRSS T~ will be activated first if the condition T~< T~~ S1/Si is fullfilled (S1 = Schmid factor of the first system, Si, T~~ those of the other systems). Thus slip on a {110} or a {100] plane alone is to be expected only for orientations adjacent to <loo> and <Ill>, respectively.
Deforming crystals in <loo>-orientation (Smax((llO)<llO>) = 0.5, Smax({lOO~<llO>) = 0) slip usually starts on more than one {110}<110> system ( Fig. 1) . 
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JOURNAL DE PHYSIQUE Using <557> ( <Ill> +lo0) -orientated crystals (S ((110)<110>) = max 0.12, Smax({lOO}<llO>) = 0.5) deformation begins on a single (100) plane (Fig. 1) . Particularly interesting is the difference in the slip bands produced by the screw dislocations ( Fig. 1 : side faces (010) and (7, 7, 10) ). Changing to the <Ill> -orientation (Smax({llO}<llO>) = 0, Sma,({lOO}<llO>) = 0.47) three {100)<110> systems are equally stressed. Hence, slip on more than one (100) plane has been observed (Fig. 2) . This is demonstrated by the etch pit traces on the (i12) side face as well as on the (001) Because of multiple slip the <111> -orientated crystals show strong work-hardening which decreases with increasing doping (Fig.3) . Fig. 3 .-RT stress-strain curves of "pure" and Sr doped KC1 crystals compressed in < I l l > and <557> orientations. Therefore <557>-orientated crystals are preferred for the determination of the CRSS on (100). However, this is only possible as long as the ratio rc {100'/~ {'lO}is smaller than that of the Schmid factors (s{loO) C s{llo}= 4).
+
The movement of edge and screw dislocations in dependence of temperature, doping, slip sytem and ionicity of the material will be described in a separate paper. 3.2. Measurements of the CRSS.-3.2.1. Determination of the CRSS.-In ionic crystals the onset of the plastic deformation marks itself in different ways in stress strain curves (SSC). A schematical description of typical SSC and of the determination of the CRSS from them is given in figure 4 . Most specimens showed SSC of type a). Curves of type b) have been observed for <Ill>-orientated crystals. Parabolic curves were shown by all orientations at high temperatures, for < 5 5 7 > -and <Ill>-orientations also at low temperatures. Curves of type c) and d) have only been observed for doped crystals. The maximum scatter of the CRSS of identical specimens was 5 %. 3.2.2 Dependence of the CRSS on temperature and doping.-In ionic crystals a decrease of the CRSS with increasing temperature occurs in several regimes, schematically presented in figure 5. Crystals doped with a certain concentration of divaleht impurities show a decrease in four \ regimes. With increasing purity of the material the temperature dependence of the CRSS approaches that indicated by the dotted line.
In the following these regimes will be characterized in terms of the dependence of the CRSS on temperature, doping, slip system and ionicity of the material. Regime I.-Details on regime I for (100) slip have been presented elsewhere /11/. Here further results will be presented which demonstrate the intrinsic plastic anisotropy. Figure 6a shows the temperature dependence of the CRSS for slip on (110) and (100) planes. The values for 7 ' C ilOO'marked by half-filled symbols have been obtained by extrapolation from KC1-KBr solid solutions /11/. Striking is the strong plastic anisotropy below a certain temperature which depends on the material. The usual scaling of different materials in terms of the shear modulus and the melting temperature does not work for ionic crystals (Fig. 6b ). Doped crystals show the same temperature dependence in regime I as "pure" ones. Moreover, doping has a greater influence on { 1 1 0 ) than on { l o o } slip. For { l o o } the CRSS of the doped crystals agree with those of the "pure" ones at low temperatures. Remarkable is also the good agreement between the CRSS of "pure" crystals of different origins (Fig.7) The solution hardening of KC1 T~ ( 7 0 ppm sr2+) relative to -rc ("pure") for ( 1 1 0 ) slip amounts to about 1 0 % at 4.2 K. It is also noted that the activation volulne is smaller than 1 0 0 b3 in regime I /11/. Regime 11.-In figures 9a-e the temperature dependence of the CRSS is presented in such a way that regimes 11-IV can be recognized clearly.
A comparison of these figures shows a qualitative similarity between all the materials investigated. The temperature dependence of the CRSS is smaller in regime I1 than in regime I, see figure 9b. With increasing purity of the material the decrease in T (T) becomes smaller. 
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The c o n c e n t r a t i o n dependence of t h e CRSS shown i n f i g u r e s 10a and b i s Regime 111.-Here t h e CRSS i s n e a r l y t e m p e r a t u r e independent ( F i g s . 9
a -e ) . With i n c r e a s i n g t e m p e r a t u r e sometimes a weak i n c r e a s e i s observed.
F i g u r e s l l a and b show t h e dependence of t h e CRSS on d i v a l e n t doping.
2 + F o r a l l m a t e r i a l s and c o n c e n t r a t i o n s i n v e s t i g a t e d ( e x c e p t NaC1-Sr ) t h e CRSS i s a l i n e a r f u n c t i o n o f t h e dopant c o n c e n t r a t i o n cTle2+ ( f o r t h e a l k a l i h a l i d e s cSr2+ < 150 ppm, f o r AgCl cCa2+ 5 500 ppm). Quenching experiments on srZ+ doped NaC1, KC1 and K B r c r y s t a l s showed t h a t o n l y t h e ~a c l -~r~+ h a r d e n i n c~i s s t r o n g l y dependent on t h e c o o l i n g r a t e ( F i g .
1 2 ) . The CRSS of quenched x a c 1 -s r 2 + depends a l s o l i n e a r l y on t h e dopant c o n c e n t r a t i o n . T h e quenching e f f e c t on t h e s l o p e of T (cSr,+) f o r K C 1 C and K B r i s o n l y 1 4 and 4 %, r e s p e c t i v e l y . 
W e would l i k e t o p o i n t o u t t h a t q u e n c h i n g experiments a r e more p r o b l e m a t i c t h a n f r e q u e n t l y d e s c r i b e d . T h i s i s a l r e a d y i n d i c a t e d by an i n c r e a s e of t h e CRSS o f "pure" c r y s t a l s by a f a c t o r of two due t o quenc h i n g . p a r a l l e 1 t o t h a t an i n c r e a s e of t h e d i s l o c a t i o n d e n s i t y from -2 2x104 t o 2x106 cm i s observed. So quenching does n o t o n l y change t h e i m p u r i t y a g g r e g a t i o n s t a t e b u t a l s o t h e d i s l o c a t i o n -d i s l o c a t i o n i n t e ra c t i o n . Q u a l i t a t i v e l y t h e same r e s u l t s have been o b t a i n e d under compar a b l e c o n d i t i o n s by Suszynska /5/ f o r J3ac1-sr2+ w h i l e f o r K C~-S~~+ t h e -
r e e x i s t s l a r g e d i s c r e p a n c y between h e r r e s u l t s and o u r s . The e f f e c t o f t h e c o o l i n g r a t e on t h e t e m p e r a t u r e dependence of t h e CRSS i s shown f o r ~a~l -~r~+ i n f i g u r e 1 3 . The CRSS of quenched c r y s t a l s d e c r e a s e s much more s t r o n g l y w i t h i n c r e a s i n g t e m p e r a t u r e t h a n t h a t of slowly cooled samples. Below a c e r t a i n t e m p e r a t u r e quench-hardening, above quench-softening o c c u r s . Above RT t h e CRSS f o r (110) s l i p i n quenched c r y s t a l s i s i n c r e a s i n g w i t h t e m p e r a t u r e . I n t h e same temper a t u r e r a n g e a change i n s Xegime 1V.-Here t h e CRSS d e c r e a s e s towards a t e m p e r a t u r e independent l i m i t . T h i s d e c r e a s e s e t s i n a t Tf % 500 K f o r t h e a l k a l i h a l i d e s and a t Tf % 250 X f o r AgC1, r e f l e c t i n g a d i f f e r e n c e i n t h e m e l t i n g temperat u r e s of t h e s e m a t e r i a l s (AH: Tn = (1074-954 K ) , AgC1: Tm = 728 K). An e a r l y high t e m p e r a t u r e d r o p s h o r t e n s regime 111, t o be s e e n f o r {100} and (1101 s l i p i n f i g u r e s 9a and b , r e s p e c t i v e l y .
4. A n a l y s i s and d i s c u s s i o n of t h e r e s u l t s . -4.1 P e i e r l s mechanism (reqime I) .-The s t r o n g t e m p e r a t u r e dependence of t h e CRSS a s w e l l a s
---------
t h e small a c t i v a t i o n volume s u g g e s t t h e P e i e r l s mechanism a s t h e r a t e c o n t r o l l i n g p r o c e s s i n regime I. T h i s has a l r e a d y been confirmed f o r 11101 and {loo} s l i p /1,2,11/ by a d e t a i l e d a n a l y s i s of t h e low temperat u r e r e s u l t s . A summary i n c l u d i n g some r e s u l t s g i v e n i n s e c t i o n 3.2.2 i s p r e s e n t e d i n t a b l e 11.
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T a b l e 11.-E x p e r i m e n t a l P e i e r l s stresses, sum o f t h e p o l a r i z a b i l i t i e s o f t h e m a t r i x i o n s (C a ) , s t a t i c d i e l e c t r i c c o n s t a n t (E ) and Cauchy r e l a t i o n ( c 12/'44) ' .w) E s t i m a t e d from t o r s i o n e x p e r i m e n t s o f Gilman /14/.
From t h i s t a b l e t h e f o l l o w i n g can b e a s c e r t a i n e d :
t h e i n t r i n s i c r e s i s t a n c e t o g l i d e on { 1 0 0 } i s P s t r o n g e r t h a n on { 1 1 0 ) p l a n e s .
e . t h e reduced g l i d e r e s i s t a n c e i s a b o u t one o r d e r o f magnitude l a r g e r on { 1 0 0 ) t h a n on { 1 1 0 ) . The c o r r e l a t i o n o f t h e P e i e r l s s t r e s s e s w i t h t h e s h e a r modulus u i s 2 a rtitularly pcor f o r t h e a l k a l i h a l i d e s on { 1 1 0 } .
d e c r e a s e s i n t h e s e r i e s from LiF t o AgCl w h i l e T P { ' l o ' does n o t . S i n c e Buerger / 1 5 / t h e i n t r i n s i c r e s i s t a n c e t o s l i p on { l o o } p l a -
nes has been c o r r e l a t e d w i t h t h e p o l a r i z a b i l i t y ( C a ) of t h e i o n s c o n s t it u t i n g t h e c r y s t a l . With i n c r e a s i n g Ca a d e c r e a s e of T {'0°' has been P e x p e c t e d . The r e s u l t s on AgCl show however, t h a t t h e p o l a r i z a b i l i t y which i s d i r e c t l y connected w i t h t h e s t a t i c d i e l e c t r i c c o n s t a n t i s n o t t h e o n l y parameter d e t e r m i n i n g { l o o } s l i p . I n comparison w i t h t h e a l k a l i h a l i d e s t h e Cauchy r e l a t i o n i s s t r o n g l y v i o l a t e d i n AgC1. A s p o i n t e d o u t
by Biicher / 1 6 / t h i s v i o l a t i o n i s e s s e n t i a l l y caused by a l a r g e t h r e cbody c o n t r i b u t i o n t o t h e Van der Waals i n t e r a c t i o n s . Furthermore t h e q u a d r u p o l a r d e f o r m a b i l i t y of t h e s i l v e r i o n seems t o be r e l e v a n t . Diff e r e n c e s between AgCl and t h e a l k a l i h a l i d e s have a l s o been a t t r i b u t e d t o c o v a l e n t b i n d i n g i n t h e s i l v e r h a l i d e s . However, n e i t h e r c a l c u l a t i o n s nor x-ray measurements of t h e e l e c t r o n d e n s i t y d i s t r i b u t i o n g i v e evidenc f o r such a c o n t r i b u t i o n / 1 7 / .
The P e i e r l s s t r e s s of a c r y s t a l has been c a l c u l a t e
d w i t h e l a s t i c and a t o m i s t i c raodels. Only t h e a t o m i s t i c c a l c u l a t i o n s g i v e r e a s o n a b l e
v a l u e s f o r T and above a l l d e s c r i b e t h e p l a s t i c a n i s o t r o p y c o r r e c t l y P C a l c u l a t e d v a l u e s a r e f o r NaC1: r {100' = 220 & P a /18/, T t110' P P .l-21.5) MPa /3/, (17.3/80.0) !Pa /19/, f o r K C 1 : T {I10' = (12.7-P 32.4) MPa /20/, 30.4 MPa /21,22/. These v a l u e s s h o u l d be compared w i t h t a b l e 11. An e x t e n s i o n of t h e s e c a l c u l a t i o n s , e s p e c i a l l y t o t h e s i l v e r h a l i d e s w i t h Van d e r Fiaals b i n d i n g would be of g r e a t i n t e r e s t .
Our i n v e s t i g a t i o n on t h e i n f l u e n c e of doping on t h e CRSS i n r egime I shows t h a t t h e observed i n c r e a s e seems t o be a -The temperature a s w e l l a s t h e c o n c e n t r a t i o n dependence of t h e CRSS s u g g e s t t h e o n s e t of p l a s t i c deformation i n regime I1 t o be d e t e rmined by a s h o r t -r a n g e i n t e r a c t i o n w i t h IV-dipoles. (cp = doping c o n c e n t r a t i o n p e r u n i t a r e a of t h e s l i p p l a n e , c % c ; f = P maximum i n t e r a c t i o n f o r c e s o l u t e -d i s l o c a t i o n ; EL = l i n e t e n s i o n ; t h e t e m p e r a t u r e dependence ( s e e eq. ( r c u = CRSS of t h e "pure1' c r y s t a l s ) , r i n -C C U CU c l u d e s a n a t h e r m a l p a r t -cU, which i s assumed t o be independent o f doping. According t o Frank /27/, doped c r y s t a l s a r e f i l l e d d u r i n g micros t r a i n i n g w i t h d i s l o c a t i o n s u n t i l t h e i r i n t e r a c t i o n s t r e s s matches t h e CRSS determined by t h e doping. F i g u r e 1 4 shows t h a t t h e c 1 l 2 dependence of AT i s r a t h e r w e l l e s t a b l i s h e d i n regime 11. 
-
[
According t o Ono /28/ t h e a c t i v a t i o n energy s t r e s s r e l a t i o n can be d e s c r i b e d f o r n e a r l y any t y p e o f o b s t a c l e p r o f i l e by ( L o = CRSS a t T=OK)
. Using a n A r r h e n i u s a n s a t z f o r t h e s t r a i n r a t e
t h e temperature dependence of t h e CRSS i s given by with
The e x p e r i m e n t a l r e s u l t s , f i g u r e 15a and b , a r e i n agreement w
i t h t h i s t h e o r e t i c a l p r e d i c t i o n . I n f i g u r e 15a t h e "pure"component has n o t been e l i m i n a t e d . The ic l 2 -T c u r v e s wobld however be changed o n l y l i t t l e by t a k i n g i n t o a c c o u n t T Thin diagram demonstrates once more t h e c u ' m u l t i -s t a g e d d e c r e a s e of T~( T ) .
Values o f t h e CRSS o b t a i n e d by e x t r a p ol a t i n g t h e t e m p e r a t u r e dependence o f regime I1 t o T = 0 K a r e l i s t e d i n t a b l e 111. Because o f t h e s h o r t n e s s o f regime I1 t h e s e v a l u e s a r e connected w i t h a n e r r o r of a b o u t 20%. The r e s u l t s o f t a b l e I11 c a n b e summarized a s f o l l o w s :
. . t h e s p e c i f i c h a r d e n i n g
i s g r e a t e r on {loo} t h a n on {110}.
-(Aico/c l l 2 ) {llO'r { l o o ' d e c r e a s e i n t h e s e r i e s from LiF t o AgC1.
The d e c r e a s e i s s t r o n g e r f o r 1100 1 t h a n f o r {110 } s l i p .
) . ( P i c o /c l / z U ) {110}
% 0.06 -9.08 (LiF = 0 . 1
) . i . e . t h e s p e c i f i c h a r d e n i n g i s a b o u t one o r d e r o f magnitude g r e a t e r on { l o o } t h a n on (110) . The c o r r e l a t i o n of t h e s p e c i f i c h a r d e n i n g w i t h t h e s h e a r modulus a l o n e i s a g a i n poor.
1 S u b s t i t u t i n g i n e q u a t i o n (1) c = 9 /31/ and EL = -ub2 
P 2 t h e maximum i n t e r a c t i o n f o r c e i s g i v e n by Values e s t i m a t e d w i t h t h e h e l p of e q u a t i o n (
e n t e d i n t a b l e I V . I n t h e f o l l o w i n g model c a l c u l a t i o n s w i l l be comgared w i t h t h e s e v a l u e s r e g a r d i n g t h e o r d e r o f magnitude a s w e l l a s t h e c o r r el a t i o n w i t h i o n i c i t y .
A model which has a t t r a c t e d much a t t e n t i o n i n i o n i c c r y s t a l s h a s been developed by F l e i s c h e r /32/ and i s based on t h e e l a s t i c i n t e r a c t i o n between a d i s l o c a t i o n and t h e t e t r a g o n a l d i s t o r t i o n +round an IV-dipole.
For t h e c l o s e s t d i s t a n c e o f t h e d i p o l e t o t h e s l i p p l a n e (b/2) and f o r a d e f e c t volume of 2&? b 3 /31/ t h e maximum i n t e r a c t i o n f o r c e i s ( A E = t e t r a g o n a l d i s t o r t i o n ) .
With A& % 0.15 ( s e e s e c t i o n 4.
2.2) v a l u e s a r e o b t a i n e d which a r e o f t h e r i g h t o r d e r o f magnitude, b u t e x c e p t f o r LiF t h e a n i s o t r o p y comes o u t wrong f
{ l o o ' / f '110' % ?J {100' /?J {"O' < 1. T
h i s r e s u l t i s c o n t r a r y t o t h e e x p e r i m e n t a l o b s e r v a t i o n s .
Gilman /33/ h a s proposed a s h o r t -r a n g e i n t e r a c t i o n which i s based on t h e i n c r e a s e AU o f t h e e l e c t r o s t a t i c energy d u r i n g s h e a r i n g o f a d i p o l e . f i s approximately given by
( e = e l e c t r o n c h a r g e ) .
An e x t e n s i o n of t h i s model by M i t c h e l l and Heuer /31/, c o n s i d e r i n g t h e d i s p l a c e m e n t f i e l d of t h e d i s l o c a t i o n y i e l d s v a l u e s , which a r e o n l y 30% h i g h e r . Gilman's model g i v e s t h e r i g h t c o r r e l a t i o n of f w i t h t h e i o n i c i t y b u t i t f a i l s i n d e s c r i b i n g t h e o r d e r of magnitude and does n o t t a k e i n t o a c c o u n t t h e p l a s t i c a n i s o t r o p y .
Haasen /34/ a s c r i b e d t h e e x t r i n s i c p l a s t i c a n i s o t r o p y t o t h e e l e ct r o s t a t i c i n t e r a c t i o n o f edge d i s l o c a t i o n s w i t h IV-dipoles. This i n t e ra c t i o n i s expected t o be s t r o n g e r f o r a { l o o ) <110> edge d i s l o c a t i o n because i t s e x t r a h a l f p l a n e ends w i t h e q u a l l y charged rows of i o n s , w h i l e f o r a (110: -:110> edge d i s l o c a t i o n t h e s e rows c o n s i s t o f i o n s o f a l t e r n a t i n g c h a r g e . Haasen c a l c u l a t e s t h e maximum i n t e r a c t i o n energy i n two s t e p s . F i r s t t h e e x t r a h a l f ? l a n e i s n e u t r a l i z e d by i o n s o f o2po-s i t e c h a r g e and t h e i n t e r a c t i o n of t h e s e i o n s w i t h t h e f o r e i g n i o n i s c a l c u l a t e d . Secondly changes of t h i s i n t e r a c t i o n a r e e s t i m a t e d when t h e e x t r a h a l f p l a n e i s a c t u a l l y removed and t h e s u r r o u n d i n g l a t t i c e i s allowed t o r e l a x t o a d i s l o c a t i o n c o n f i g u r a t i o n . f i s approximately d e r i v e d a s with daasen's model n e g l e c t s t h e t e t r a g o n a l d i s t o r t i o n of t h e l a t t i c e around t h e d i p o l e which a r i s e s from t h e a t t r a c t i v e e l e c t r o s t a t i c i n t e r a c t i o n between d i v a l e n t i o n and vacancy. Taking t h i s i n t o account according t o t h e e l a s t i c model of F l e i s c h e r , t h e experimental s i t u a t i o n can be explained, i . e . t h e p l a s t i c a n i s o t r o p y disappears with d e~r e a s i n~g i o n ic i t y . However, t h e theory cannot account f o r t h e s t r o n g d i f f e r e n c e
between K J and AgC1.
An advanced c a l c u l a t i o n of t h e e l e c t r o s t a t i c i n t e r a c t i o n energy has been given b q P o t s t a d a /35/. Using an a t o m i s t i c model e s t a b l i s h e d
by Granzer e t a l . /3/ he c a l c u l a t e s a more r e a l i s t i c core c o n f i g u r a t i o n and besides t h e Coulomb i n t e r a c t i o n he t a k e s i n t o account r e p u l s i o n and
Van d e r Waals terms a s w e l l a s p o l a r i s a t i o n e f f e c t s around charged p o i n t d e f e c t s . P o t s t a d a ' s c a l c u l a t i o n s a r e r e s t r i c t e d t o t h e maximum i n t e ra c t i o n energy of i s o l a t e d ca2' i o n s and vacancies with edge d i s l o c a t i o n s i n NaCl. Therefore i n t h e c a s e of d i p o l e s t h e t e t r a g o n a l d i s t o r t i o n has
n o t been considered. The maximum i n t e r a c t i o n f o r c e estimated agrees q u i t e well with experiment, however.
I n previous work of S k r o t z k i , Steinbrech and Haasen (SSH) /7/ an e f f e c t i v e maximum i n t e r a c t i o n f o r c e has been estimated by s u p e r p o s i t i o n of t h e i n t e r a c t i o n s of t h e two d i p o l e o r i e n t a t i o n s (1 and 2 ) assumed t o be e s s e n t i a l :
o n s i s t of t h e e l e c t r o s t a t i c i n t e r a c t i o n c a l c u l a t e d by P o t s t a d a and
an e l a s t i c i n t e r a c t i o n . The agreement with t h e experimental r e s u l t s i s b e t t e r than a f a c t o r two.
For a more a c c u r a t e a n a l y s i s complete f o r c e d i s t a n c e p r o f i l e s have t o be c a l c u l a t e d a t o m i s t i c a l l y . Furthermore i t seems t o be import a n t t o consider d i f f e r e n t d i p o l e o r i e n t a t i o n s and t o superpose t h e i r i n t e r a c t i o n s according t o a law given by F r i e d r i c h s and Haasen / 3 6 / .
To e x p l a i n t h e d i f f e r e n c e between a l k a l i and s i l v e r h a l i d e s t h e manybody c o n t r i b u t i o n t o t h e VanderWaals i n t e r a c t i o n should be taken i n t o account.
Snoek-type i n t e r a c t i o n (regime III).-The l i n e a r c o n c e n t r a t i o n dependence as well a s t h e temperature i n s e n s i t i v i t y of t h e CRSS a r e i n d i c a t i v e f o r a d i s l o c a t i o n induced
Snoek e f f e c t /37,38/. Table V shows t h a t t h e c o n t r i b u t i o n t o t h e CRSS due t o Snoek-type i n t e r a c t i o n i s s m a l l e r f o r { l o o } s l i p t h a n f o r {110}. However, AT/CP i s n e a r l y cons t a n t f o r b o t h p l a n e s . T h i s means t h a t t h e Snoek e f f e c t i s mainly due Table V .-S p e c i f i c hardening i n regime 111 due t o Snoek-type i n t e r a c t i o n s . Quenched c r y s t a l s a r e marked by a s t a r .
Ref.:
171, 1131, 3 , 1391.
t o a n e l a s t i c i n t e r a c t i o n . The s h o r t -r a n g e e l e c t r o s t a t i c i n t e r a c t i o n i s of no importance i n d e c r e a s i n g t h e f r e e e n t h a l p y of t h e d i p o l e s s u rrounding a d i s l o c a t i o n ("Snoek a t m o s p h e r e " ) . o f IV-dipoles c o n t r i b u t e s t o t h e h i g h t e m p e r a t u r e drop i n CRSS.
The e l a s t i c c o n t r i b u t i o n o f t h e Snoek e f f e c t t o t h e CRSS
4.2.4 3 b s t a c l e s i n " p u r e " c r y s t a 1 s . -The a n a l y s i s o f t h e hardening due t o doping depends on t h e way o f e l i m i n a t i o n o f t h e "pure"component from t h e measured CRSS. T h e r e f o r e i t i s i m p o r t a n t t o i d e n t i f y t h e o b s t a c l e s d e t e r m i n i n g t h e CRSS o f t h e p u r e c r y s t a l s . I n t h e f o l l o w i n g t h i s w i l l be a t t e m p t e d w i t h t h e a i d o f t h e measured p l a s t i c a n i s o t r o p y . Table V1 .-Plateau stresses of the "pure" crystals.
Table V I p r e s e n t s t h e p l a t e a u s t r e s s e s of t h e "pure" c r y s t a l s .
S t r i k i n g a r e t h e f o l l o w i n g r e s u l t s :
i . e . i n t h e p l a t e a u range s l i p on (100) i s more C d i f f i c u l t t h a n o n {110}..
2 ) Tc C1OO' becomes s m a l l e r w i t h d e c r e a s i n g i o n i c i t y , w h i l e T (1103 C i s n e a r l y c o n s t a n t .
i . e . T /u i s a b o u t 2 -5 t i m e s l a r g e r f o r cube p l a n e s l i p . P o i n t s 1) and 2 ) s u g g e s t t h e CRSS of t h e p u r e s t i n v e s t i g a t e d c r y st a l s t o be determined by i m p u r i t y a g g r e g a t e s . Such a g g r e g a t e s of IV-2-2-2-d i p o l e s o r a n i o n complexes -e.g. OH-, C03 , SO4 , O2 -a r e a l r e a d y p r e s e n t i n t h e s t a r t i n g m a t e r i a l o r nay come from t h e c r u c i b l e o r t h e atmosphere d u r i n g c r y s t a l growth. I m p u r i t y a g g r e g a t e s g i v e r i s e t o s h o r t -r a n g e e l e c t r o s t a t i c i n t e r a c t i o n which s h o u l d be more i m p o r t a n t f o r (100) t h a n f o r (110) s l i p . Assuming t h a t a l l c r y s t a l s c o n t a i n a b o u t t h e same c o n c e n t r a t i o n o f t h e s e a g g r e g a t e s t h e c o r r e l a t i o n of t h e p l at e a u s t r e s s e s w i t h i o n i c i t y c a n be understood. Furthermore a g g r e g a t e s a r e more d i f f i c u l t t o surmount by thermal a c t i v a t i o n t h a n IV-dipoles y i e l d i n g o n l y a weakly t e m p e r a t u r e dependent c o n t r i b u t i o n t o t h e CRSS.
I n t e r a c t i o n o f d i s l o c a t i o n s w i t h 1 V -d i p~& e _ -~q q r g 9 a t e s S -
The tendency f o r p r e c i p i t a t i o n of sr2+ i o n s i s s t r o n g e r i n NaCl t h a n i n t h e o t h e r i n v e s t i g a t e d c r y s t a l s a s suggested from t h e dependence of t h e CRSS on t h e c o o l i n g r a t e . From t h e d e c r e a s e of t h e d i p o l e c o n c e n t r a t i o n d u r i n g a n n e a l i n g of doped and quenched a l k a l i h a l i d e s Dryden e t ad. /24/ conc l u d e t h a t dimers, t r i m e r s and h i g h e r a g g r e g a t e s o f IV-dipoles a r e f o rmed. I n c r y s t a l s c o n t a i n i n g such complexes t h e CRSS i s determined by t h e f o r c e s r e q u i r e d t o c u t o r p a s s t h e s e a g g r e g a t e s . For a q u a n t i t a t i v e t r e a t m e n t of t h i s p r e c i p i t a t i o n hardening t h e knowledge o f t h e p a r t i c l e c o n c e n t r a t i o n a s w e l l a s t h e i r s i z e d i s t r i b u t i o n i s needed. These i n f o rmations a r e n o t a v a i l a b l e a t p r e s e n t . From t h e i n v e s t i g a t i o n s of Dryden e t a l . Frank /44/ concludes t h a t a f t e r a c e r t a i n thermal p r e t r e a t m e n t o f t h e c r y s t a l s t h e IV-dipoles I n f i g u r e 16 A f o r NaCl -sr2+ i s p l o t t e d v e r s u s t h e s q u a r e r o o t of t h e t o t a l S r 2 + c o n t e n t . Assuming t h a t i n NaCl t h e complexes a r e t h e domineering o b s t a c l e s f o r d i s l o c a t i o n motion t h e "pure" component h a s been s u b s t r a c t e d l i n e a r l y a c c o r d i n g t o Foreman and Makin /26/. F i g u r e 1 6 shows t h a t e q u a t i o n ( 1 9 ) h o l d s f o r c o n c e n t r a t i o n s cSr2+ ? , 30 ppm. Furthermore AT^ i s o n l y weakly temperature d e p e n d e n t 1 This means, t h a t a g g r e g a t e s e x i s t o f a t l e a s t t h r e e d i p o l e s and t h a t t h e s e complexes a r e d i f f i c u l t t o surmount by t h e r m a l a c t i v a t i o n .
The i n f l u e n c e o f d i p o l e a g g r e g a t e s on { l o o } s l i p c a n n o t be separ a t e d c l e a r l y i n NaCl because t h e r e e x i s t s no d i s t i n c t range between regimes I and I V . Quenched c r y s t a l s show a s t r o n g i n c r e a s e o f t h e CRSS above RT. T h i s i n c r e a s e i s probably due t o t h e formation of d i g o l e a g g r e g a t e s .
For t h e s o l u b i l i t y of i m p u r i t y atorns i n m e t a l s t h e s i z e m i s f i t i s a n i m p o r t a n t parameter. I n i o n i c c r y s t a l s t h i s m i s f i t i s g i v e n by r 2+ -r These v a l u e s show t h a t t h e tendency f o r a g g r e g a t i o n i s c o r r e c t l y des c r i b e d w i t h i n t h e same m a t e r i a l (NaC1) b u t n o t i n comparison w i t h K C 1 .
Obviously e l e c t r o s t a t i c i n t e r a c t i o n s p l a y a n i m p o r t a n t r o l e h e r e , t o o .
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